We present an analysis of the accuracy of the lattice Boltzmann BGK (LBGK) method in simulating pulsatile blood flow in a model of the Human Abdominal Aorta. The flow is driven by a systolic pressure cycle. As a benchmark, we consider fully developed pulsatile flow in a straight tube. We compare velocity profiles and shear stress to the analytical Womersley solutions. The accuracy of the bounce-back on the links and a curved boundary condition is compared at different Mach numbers. Preliminary results of systolic flow in the human abdominal aorta are presented.
Introduction
Recently, we have investigated the accuracy of the LBGK model in recovering analytical Womersley solutions for oscillatory two dimensional channel flow and three dimensional tube flow, covering a range of Womersley and Reynolds numbers. We demonstrated that LBGK is accurate enough to simulate time-dependent fluid flows, such as blood flow in arteries.
1 As a next step, the D3Q19 quasi incompressible LBGK model is used to simulate systolic flow in a rigid tube and in a model of the human abdominal aorta.
Simulations

Systolic flow in a tube
The main objective for this benchmark is to test the accuracy of the simple bounceback rule against a curved boundary condition recently proposed by Bouzidi et al.
2
Although it is known that the bounce-back rule is first order accurate while most curved boundary conditions are claimed to be of second order, the bounce-back rule is still more attractive for its simplicity and exact mass conservation. We test the errors associated with various types of boundary conditions in order to choose an optimal combination of boundary conditions suitable for the realistic aorta model. The bounce-back on the links and the Bouzidi boundary conditions are used for the walls. For the inlet and the outlet, time-dependent pressure boundary conditions are used (see Fig. 1. (right) ). The diameter of the tube is represented by 74 lattice nodes and the tube length is L = 148 lattice nodes. We compare results obtained by using the bounce-back on the links (BBL) with those obtained by applying the Bouzidi boundary conditions (BBC) for curved boundaries with first order (referred to as BBC1) and second order (referred to as BBC2) interpolations. The simulation parameters are set to yield the required Womersley number, α, and the Reynolds numbers, Re, which are kept fixed at α = 16 and Re = 590, typical to those observed in the human abdominal aorta. 3 Obtained velocity profiles over a complete period are compared to the analytical Womersley solutions. The mean relative error in velocity at each time step is computed and subsequently averaged over the whole systolic period to give the time averaged error. The bounce back on the links yields an average error of 0.12 at a Mach number of 0.05 for this specific simulation. However, when using the BBC2 boundary condition, the agreement with analytical solutions enhances extensively and the average error reduces to approximately 0.03. Figure 1 shows a sample simulation results (during systole) together with corresponding analytical solutions obtained by using BBC1.
It is known that the Mach number plays a dominant role in LBGK simulations of unsteady flows. The method is known to be of second order in the Mach number. The D3Q19 model is quasi-incompressible in the limit of low Mach number (M 2 << 1). However, reducing the Mach number slows down the convergence. It is not clear if it is better to minimize the Mach number or use more accurate boundary conditions in order to have the same accuracy and faster convergence. To shed some light on this question, we have conducted another set of 3D simulations of systolic flow in a straight tube in order to study the influence of the Mach number on the error. The lattice spacing, the time step, the Womersley number and the Reynolds number are all kept fixed to α = 16 and Re = 590. In all cases, we have obtained good agreement with the analytical solutions.
The mean relative error as a function of time is shown in Fig. 2(a) for a fixed Mach number (M = 0.05) for BBL, BBC1 and BBC2 boundary conditions. The average error is 0.12 for BBL, 0.07 for BBC1 and 0.03 for BBC2. In Fig. 2(b) the 
Flow in the Human Abdominal Aorta
From the arguments raised above and the results of the benchmark simulations, we are encouraged to explore the capability of the standard LBGK in simulating flow in a realistic model of the human abdominal aorta. The model was reconstructed from an MRA image of a volunteer (see Fig. 3(a) ). The pressure waveform at the entrance of the aorta was obtained from literature. As a proof of concept, simulations at typical Reynolds and Womersley numbers for an LBGK Cartesian grid have successfully been performed. Figure 3(b) shows preliminary results of obtained velocity profiles during the systole at different locations of the mother branch; near the entrance region (M shape ), in the middle (biased M shape) and near to the bifurcation (three peaks). These results qualitatively agree with theoretical predictions far from the bifurcation as they are comparable to those shown in Fig. 2 . We are working on comparing our simulation results to experimental data.
Conclusions
In this study, it has been shown that the lattice Boltzmann LBGK model can be used to simulate blood flow in arteries within acceptable accuracy if suitable simulation parameters and accurate boundary conditions are used. A quasi-incompressible D3Q19 model is proved to be accurate enough to simulate blood flow in the human abdominal aorta and a need to go for the Generalized lattice Boltzmann model is not seen. A time averaged error of 0.12 with the bounce-back on the links has been found. However, using curved boundary conditions for the walls extensively improve the accuracy to very acceptable levels.
